we designed an in vitro system allowing pharmacological stimulation of either the inside or outsides of the airway lumen. Rat tracheas were excised, cannulated, and their inside and outside perfused independently with Krebs solution. Two hooks were inserted through opposite sides of the tracheal wall, the lower one was attached to a fixed point, while the upper one was connected to a force transducer. Isometric contractions of the tracheal muscle were elicited by carbachol solution perfused in single and cumulative concentrations. In one-half of the preparations the epithelium was mechanically removed. Stimulation of the inside or outside of the trachea produced equal maximal tracheal muscle tension [l.55 t 0.14 and 1.2 * 0.09 (SE) g in and out, respectively]. The time course of tension development was longer when carbachol was administered inside the trachea: an effect that was abolished when the epithelium was removed. In addition, removal of the epithelium was found 1) to increase the maximal tension irrespective of the route of carbachol perfusion and 2) to increase the sensitivity of the preparation to carbachol stimulation.
of asthmatic patients (4, 13, l4), 2) bronchial hyperresponsiveness is a hallmark of asthma (8, 16) , and 3) in asthmatic patients, access of constricting allergens is, most often, via airways.
The aim of the present study was therefore to design an experimental set up for in vitro studies of the airway smooth muscle responsiveness allowing an exclusive contact between either airway epithelium or serosa and the agent tested.
MATERIALS
AND METHODS smooth muscle; rat; carbachol Experiments were performed on tracheas taken from male Sprague-Dawley rats (300-350 g body wt) that were stunned by a blow on the head and quickly exsanguinated. The tracheas were immersed in Krebs solution (in mM: 137 NaCl, 4 KCl, 1 MgC12, 1 KH2POJ, 12 NaHC03, 2 CaC12, 6.5 glucose) and cleaned from all surrounding tissue. Proximal ends (-10 rings long) were used for the experiments and distal ends were cut off. In one-half of the preparations the epithelium was removed (-EP) by gently rubbing with a cotton-wrapped metal stick; in the other half of the preparations the epithelium was left intact (+EP).
-THERE IS EXPERIMENTAL evidence suggesting that epithelial damage and bronchial hyperresponsiveness are tightly linked. Indeed, numerous well-controlled studies performed in various animal species and humans have demonstrated increased airway responsiveness after damage to the epithelium caused by inhalation of citric acid (l), ozone (5, 8), or viral infection (12). In addition, it has been shown that mechanical removal of the epithelium in several species increases the sensitivity of tracheal strips to various bronchoconstrictor agents (2, 3, 6, 7, 9, 11) . However, it should be noted that for in vitro experiments tracheal or bronchial tissue was totally immersed into physiological salt solution, with consequent simultaneous pharmacological stimulation of the serosal and epithelial sides of the airways. It was therefore difficult to examine the specific role played by the epithelium in modulation of airway muscle tone.
An organ bath was constructed that permitted independent circulation of fluid within the lumen of the tracheal segment (In, epithelial side) or around the exterior (Out, serosal side) of the tracheal segment (Fig. 1) . A modified 5-ml syringe with top and lateral openings served as the organ bath. The piston served as a support for the tubing system used to intubate and secure the tracheal segments in place. Mounting of tracheal segments involved the following.
Under microscopic control two stainless steel hooks were passed through the tracheal wall around two adjacent cartilaginous rings as close as possible to the muscle insertions. The tracheal segment was then longitudinally connected to the steel tubes built in the piston and firmly tightened with silk thread. The lower hook was attached below, serving as a fixed point. Its length was adjusted so that it did not pull down the tracheal wall.
The question as to whether airway epithelium is playing an active role in the modulation of underlying muscle tone is of considerable importance because 1) epithelial damage is a common pathological finding in the airways The piston was then introduced into the syringe and the upper hook connected to a force transducer (UC& Gould, Cleveland, OH), the latter being attached to the micromanipulator (Prior PO22, Prior Scientific Instruments, Herts, UK) that enabled the displacement of the upper hook along a strict vertical axis. Any change of tension at the level of the tracheal muscle was registered by the recorder (Gould AT 550) to which the transducer was connected.
The Krebs solution (at 37"C, pH 7.4, gassed with 95% OZ-5% C02) was perfused at a constant flow rate (2 ml/ min) through the syringe organ bath (outer perfusion) and through the lumen of the tracheal segment (inner perfusion) by using peristaltic pumps (Watson Marlow 5025, Falmouth, Cornwall, UK).
Fluid tightness of preparation.
To ensure that hooks did not induce a fluid leak through the tracheal wall, a solution of methylene blue was perfused into the tracheal lumen and in the organ bath in separate experiments. No cross-staining was observed. Procedure. After a period of stabilization (45-60 min), by slowly raising the transducer, the trachealis was stretched to its optimal length established in a preliminary set of experiments.
This consisted of a series of maximal contractions induced by 10B3 M carbachol in the outer circuit while changing incrementally tracheal muscle length, i.e., passive tension. The length-tension relationships were not found to differ significantly in preparations with and without epithelium. Appropriate amounts of carbachol (Sigma Chemical) were diluted in small volumes (100 ~1) of distilled water and added to the inner and outer Krebs solution reservoirs to obtain the required final concentrations.
In the first set of experiments ( Table 1 ) the effects of a single concentration of carbachol (10e3 M) on tracheal muscle were examined. The agent was left in contact with the preparation until the response reached a plateau. The preparation was then perfused with Krebs solution and allowed to relax completely. The alternate routes of perfusion were tested in a randomly assigned order [In-(wash)-Out-(wash) or Out-(wash)-In-(wash)] for each preparation.
In the second set of experiments (Table 1) lo-fold increments of concentration of carbachol were used (10B8 to 10B3 M) in cumulative fashion. In the third set of experiments (Table 1) perfusates are maintained at 37°C and bubbled with 95% 02-5% COY, and constant flow rate of 2 ml/min is maintained. (-EP) and four with epithelium (+EP) taken at random, were removed from the organ bath and fixed in 2.5% glutaraldehyde.
Semithin sections from plastic-embodied blocks were then prepared, stained with toluene blue, and examined microscopically for the presence of epithelium and/or for possible damage of the tracheal wall and epithelium provoked by the hooks. A quantification of the amount of epithelium present was performed by estimating the number of nuclei of epithelial cells in the whole circumference of the cross-section of the tracheal segment (intact circumference was taken to be 100%). Analysis of results. The data are expressed in percent of maximal response and in absolute values (g and s). The results are given as means t SE. Half-maximal concentration (EC& values were calculated from regression analysis of probit-transformed data, and results are given as geometric means of log EC& obtained. Statistical analysis was conducted by use of the Student's t test for paired or unpaired samples and linear regression analysis, where appropriate. P < 0.05 was regarded as being statistically significant.
RESULTS

Histology.
Twelve preparations, among which eight had been rubbed for epithelium removal, were selected at random for histological evaluation. In -EP preparations 60-80% of the epithelium was removed without any obvious damage to the underlying submucosa or muscle layer (Fig. 2) . After 3 h in the organ bath, 60-80% of the epithelium remained intact in the control tissues (+EP).
Tissue bath studies. As shown in Fig. 3 , which repre- sents typical tracings obtained in one +EP and one -EP preparation, supramaximal concentration of carbachol (10m3 M) alternately perfused in the inner and outer circuits gave superimposable maximal changes in tension. The -EP preparations were found to be more sensitive to carbachol stimulation and showed a leftward shift of concentration-effect curves with leftward displacement of EC& (Fig. 4, Table 2 ). That effect was independent of the perfusion route. Moreover, removal of the epithelium was associated with a significant increase in the mean maximal tension (Tmax) developed (Fig. 5, Table 3 ). Although the mean Tmax developed was not influenced by the route of carbachol application in a given preparation (+EP or -EP), the time course of tension development after interior stimulation depended very much on whether epithelium was present or re- diminished rate of tension development. Removal of the epithelium was found to abolish this effect. In the third series of experiments, 30 min of incubation in 10s6 M Indo solution did not affect contractile response of preparations to inside stimulation with carbachol solution [EGO WV, b = 8): 6.8 X 10m6 vs. 6.2 X 10w6, +EP control and +EP Indo, respectively; and 0.5 x lo-" vs. 9.8 x 10-7, -EP control and -EP Indo, respectively; differences failing to show statistical significance]. Finally, simultaneous inside and outside perfusion with carbachol solution (fourth series of experiments) did not produce different responses compared with one side perfusion ( Table 4 ). The rate of tension development was quick and comparable with the response obtained on outside stimulation only.
DISCUSSION
The main findings of this study are that removal of the epithelium 1) increases the tension developed by tracheal smooth muscle after maximal stimulation with carbachol, 2) influences the time course of the response, and 3) increases its sensitivity to carbachol stimulation.
The purpose of this study was to develop an experimental model allowing an exclusive contact between a drug and the mucosal and/or serosal surface of the tracheal wall. In this experimental set up, however, mechanical removal of the epithelium may have altered the length-tension relationship of the tracheal smooth muscle, which in turn could have influenced our results. Therefore, preliminary studies were focused on the determination of the optimal tension. For the results to be reproducible it was found that adequate positioning of the hooks was very important. Two requirements had to be fulfilled: 1) hooks had to be inserted as close as possible to the muscle attachments, and 2) they had to be in the same vertical plane to avoid torque reactions when stretching the preparation. Once those precautions were taken, we found that removal of the epithelium had no appreciable effect on the basic mechanical properties of the tissue, as assessed by the shape of length-tension curve. These observations are in agreement with previous studies conducted with tracheal strips or bronchial rings from guinea pigs (9), rats (7), dogs (6), or cattle (2).
Mechanical removal of the epithelium has been shown to increase the sensitivity of airways to various bronchoconstrictor drugs in those species, but the mechanisms involved remain unclear. The possibility that epithelium removal could act as a loss of a permeability barrier, permitting access of more agonist to the underlying smooth muscle, has been proposed by Holroyde (11). The experimental model used in the present study allowed an accurate comparison between changes in tension induced by an agonist perfused alternatively from the mucosal or serosal side of the intact preparations. The tension developed during carbachol stimulation was not affected by the route of perfusion, but the time required to reach 80% of tension developed was significantly longer when carbachol was perfused in the inner circuit compared with the outer circuit. We therefore hypothesized that +EP could act in vitro by limiting the amount of agonist reaching smooth muscle across the epithelial layer. The observation that epithelium removal abolishes the difference in the time course of tension development between inside and outside stimulation with carbachol is in agreement with this hypothesis. However, in +EP for high concentrations of carbachol solution (low3 M) and after sufficiently long exposure, no difference in tension developed (Tmax) was observed for either route of perfusion. This indicates that the epithelium as a diffusion barrier is not powerful enough for these high concentrations of carbachol.
It was found in the present study that epithelium removal was accompanied by an increase in Tmax developed, as well as an increased sensitivity of the preparation to carbachol. Those effects were observed independently of the route of perfusion, suggesting that epithelium does not act simply as a diffusion barrier to exogenous substances. Previous studies performed on airway strips from various animal species have provided evidence that epithelium was capable of modulating the reactivity of underlying smooth muscle. For example, -EP preparations have been shown to exhibit increased sensitivity to carbachol and acetylcholine when compared with intact preparations; our finding is clearly in agreement with these observations. Taken together, the results of the present study, with the use of a novel rat tracheal preparation, provide evidence that the epithelium modulates tracheal muscle response to carbachol stimulation through several mechanisms. The epithelium acts as a diffusion barrier limiting access of the drug to the muscle. It may also actively influence muscle reactivity, possibly by the release of inhibitory factors. 
